Albeit several studies show that cellular therapy with bone marrow mesenchymal stem cells (BM-hMSCs) improves cardiac function after myocardial infarction (MI), the underlying mechanism is subject of controversy. Here we hypothesized that soluble factors, including VEGF, secreted by cardiomyocytes and BM-hMSCs under a low oxygen environment promote vascular differentiation of BM-hMSCs.
Introduction
Myocardial Infarction (MI) associated with coronary atherosclerosis remains a leading cause of mortality and morbidity in developed countries. Although, trombolytic therapies have helped to reduce mortality caused by MI, the inability of the heart muscle to regenerate after injury (such as MI), produces a work overload in the heart that decreases enormously the live quality of these patients and frequently leads to congestive heart failure unless the heart is replaced. Today, traditional drug-based therapies only try to reduce this overload by reducing blood pressure or increasing contractibility, but do not facilitate healing of the injured heart and therefore only delay the onset of the final heart failure. Recently, cell-based therapies with stem cells have appeared as an alternative to heart transplatation for their potential to regenerate the damage heart and bone marrow mesenchymal stem cells (BM-hMSCS) have been proposed as a viable source of cells.
Mesenchymal Stem Cells are non-hematopoyetic cells that represent approximately 0.1% of bone marrow mononuclear fraction and have the ability to differentiate into different lineages including bone [1] , cartilage, fat, tendon, [2] and myocardium [3, 4] . These cells also have several characteristics that make them very attractive for cardiac cell therapy: they can be easily isolated and expanded in vitro up to 40 doublings [5] , they can be used as an allograft and they can differentiate to cardiomyocytes and endothelial cells [3, 6] .
Several pre-clinical and clinical trials using BM-MSCs show an improvement in several cardiac functions such as ejection fraction, contractibility and end systolic and diastolic volumes [7] [8] [9] [10] [11] [12] [13] .
However, the extremely low efficiency and weak evidence seen for in situ differentiation of BM-MSCs to cardiomyocytes (review by Psaltis et al. [14] ), which in any case is sufficient to explain an improvement in cardiac functions, have made many researchers to rethink the mechanism that account for the functional benefits. Thus, it has been proposed that BM-MSCs may protect cardiomyocytes from apoptosis [15] , stimulate the regenerative capacity of resident stem cells Gutierrez-Lanza, Raquel et al.
4 [16] , modulate the inflammatory response associate with MI [17, 18] , modulate a remodeling of the scar [19, 20] and contribute to restore the capillary network damage during the MI [20] [21] [22] .
Here, we have used an in vitro model of MI to demonstrate that when deprived of O 2, cardiomyocytes secrete angiogenic factors, such as VEGF, that stimulate the capacity of BM-hMSCs to differentiate into the endothelial lineage. This suggests that re-vacularization is, at least in part, responsible for the benefit obtained with these cells and therefore future efforts in designing therapies should focus in enhancing and exploding this unique capacity of BM-MSCs.
We also studied the capacity of BM-hMSCs to differentiate into cardiomyocytes when cultured with bona fide cardiomyocytes or to protect them but we did not find evidences supporting any of these mechanisms.
Material and Methods

Isolation and Culture of Mesenchymal Stem Cells
Bone marrow samples were collected at Hospital Rio Ortega (Valladolid) from ileac crest of donors following standard procedures after obtaining informed consent according to the Center Ethic Committee. Isolation and culture of BM-hMSCs was performed as described previously [23] .
Briefly, mononuclear cells were purified from bone marrow samples by a gradient discontinuous density centrifugation in Ficoll (d=1.0.73 g/ml). Then, mononuclear fraction at the interphase was recovered and cultured with mesenchymal media [high glucose Dulbecco´s Modified Eagle Medium (4.5 g/l glucose, Gibco) supplemented with 20% FBS, 2 mM Glutamax TM , non essential amino acids x1 (Gibco) and penecilin (100 U/ml) streptomycin (100 g/ml)] at 37ºC in 21% O 2 and 5% CO 2 in tissue culture grade plastic (Corning). After two days in culture, BM-hMSCs adhered to the bottom of culture plates and non-adherent cells were rinsed with PBSx1 before the media was changed. Thereafter, medium was changed every two days and cells passed by trypsination when they reached approximately 80% of confluence.
For osteogenic differentiation, cells were plated at a density of 5000 cell/cm 2 and incubated for 10-12 days in mesenchymal media supplemented with 10 -4 mM dexamethasone, 0.2 mM ascorbic acid and 10 mM -glycerophosphate (all Sigma). The medium was replaced every other day.
Alkaline phosphatase activity in differentiated cells was determined by using the Fast Red Substrate Pack (BioGenex) and calcium depositions by the Von Kossa Staining Kit (Bio-Optica).
For adipogenic differentiation, cells were incubated for 48 hours in mesenchymal media supplemented with 1x Insulin-Tranferrin-Selenium (Sigma), 10 -2 mM caffeine and 10 -3 mM dexamethasone. Then, medium was replaced by mesenchymal media containing 1x Insulin-Transferrin-Selenium and cells were cultured for additional 20 days. The medium was replaced twice a week.
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For endothelial differentiation, cells were incubated in low serum cardiac media (see below) supplemented with recombinant human VEGF 165 (R&D) for 7 days. Alternatively, cells were incubated with conditioned media from NRVCs (see below) for the same period of time. The media was changed every two days.
Isolation and Culture of Neonate Myocytes
NRVCs were isolated from Sprague-Dawley rats as previously described [24] . Briefly, ventricles were dissected from 1-2 days old rats, digested 5 times, 15 minutes each, with Collagense A (0.45 mg/ml) and Trypsin (1 mg/ml) in HBSSx1. Cells were pooled, pre-plated for 60 minutes on a non-coated dish to remove fibroblasts, and plated on 1% gelatin coated cell culture plastic dishes in high serum cardiac media [DMEM:F12 (1:1) (Gibco), 0.2% BSA, 3mM Na-pyruvate, 0.1 mM ascorbic acid, 2 mM L-Glutamax TM and penicillin (100 U/ml) streptomycin (100 g/ml)] supplemented with 10% horse serum and 5% FBS. After 24 hours media was changed to low serum medium (same but with 0.5% FBS) and cell were cultured at 37ºC in 21% O 2 and 5% CO 2 for additional 24-48 hours before exposure to anoxia. The purity of cultures was routinely determined by immunofluorescence staining with anti-Actinin monoclonal antibody (Sigma) and
Alexa488-congugated anti-mouse immunoglobulin secondary antibody (Invitrogen) and only cultures with >80% of cardiomyocytes were exposed to anoxia. To mimic the ischemic injury in vitro, cells were exposed to anoxia using a Gaspak Pouch (Becton Dickinson), which catalytically reduced the percent of O 2 to less than 0.7% in 150 minutes, after the media was changed with fresh medium (4.5 g/l glucose or glucose-free). After exposure to anoxia, conditioned media was recovered and filtered with a 0.22 m  low protein binding filter (Millipore), diluted 1:1 in fresh media and store at 4ºC for no more than two weeks. Glucose concentration in this samples was determined using a glucose sensor BREEZE TM (Asensia ® ) following manufacturer´s instructions.
Flow Cytometry
Cells were trypsinized, washed with PBSx1, resuspended in 0.5 ml of PBSx1 + 0.5% BSA (10 6 cells/ml) and incubated with Fluorescein-5-isothiocyanate-(FITC) or phycoerythrin-(PE) conjugated antibodies against indicated clusters of differentiation (Table 1) . Cells were analyzed with a Coulter  Epics  XL TM flow cytometer and fluorescence intensity of samples compared with the intensity of appropriated isotype controls. PE and FITC Mouse IgG1 (Becton Dickinson) were used as isotype controls.
Cell Viability
After exposure to anoxia, cells were stained for 15 minutes at room temperature with 4 M Ethidium Homodimer-2 (EtHD-2, Invitrogen) and 10 M Hoechst (Invitrogen) in PBSx1. Next, cells were washed with PBSx1, fixed with 4% PFA, and blue and red fluorescence was detected by epi-fluorescence microscopy. While Hoechst is membrane permeable and stains all cell nuclei, EtHD-2 only enters cells with damaged membrane and undergoes a 40-fold enhancement of fluorescence upon binding to nucleic acids. EtHD-2 is excluded by the intact membrane of live cells and therefore only stains dead cells.
Viability of BM-hMSC was analyzed before or after differentiation by staining for 30 minutes at 37ºC with 5 M Chloromethyl Fluorescein Diacetate (CMFDA, Invitrogen) and 10 M Hoechst (Invitrogen) in serum-free culture media. Next, cells were washed with PBSx1, fixed with 4% PFA, and green fluorescence detected as above. CMFDA is a non-fluorescent molecule permeable to cell membranes, but once inside a live cell it binds to thiol group of reduced glutathione, which retains it inside the cell. In addition, intracellular esterases cleave off the acetates, releasing a green fluorescent product inside live cells.
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ELISA Concentration of VEGF in conditioned media was determined with the Quantikine rat VEGF immunoassay (R&D), following manufacturer´s instructions. Briefly, 50 l per well of culture supernatants or VEGF standards were added to an ELISA plate and incubated for 2 hours. Next, the plate was washed extensively, incubated with 100 l an enzyme-conjugated sandwich antibody for 1 hour, washed again and incubated with 100 l of substrate until color developed.
Finally, reaction was stopped before measuring absorbance at 450 nm.
Immunostaining
After cells were fixed in 4% PFA for 15 minutes at room temperature, non-specific binding was blocked for at least 1 hours with blocking buffer (PBSx1, 50 mM glycine, 2% BSA, 2% goat serum, 0.01% Na-azide). Next, cells were incubated overnight at 4ºC with primary antibodies 
In vitro angiogenesis
The angiogenic capacity of BM-hMSCs was evaluated with the CHEMICON  In Vitro Angiogenic Assay Kit according to manufacturer´s instructions. Briefly, 50 l of cold ECMMatrix TM were transferred to each well of a 96 well tissue culture plate and incubated at 37ºC for 1 hour to allow the matrix solution to solidify. Next, 5000 BM-hMSCs resuspended in 150 l of conditioned or VEGF-supplemented cardiac media were seed on top of the layer of gel and cultured until tubular structures developed; usually between 4 to 6 hours. Finally, cells were fixed with 4% PFA and formation of tubular structures analyzed by light microscopy. As recommended by the manufacturer, the branch points formed were counted as a way to quantitate the progression of angiogenesis.
Cell migration
The migratory property of BM-hMSCs was analyzed by using the BioCoat TM Endothelial Cell Migration System (Becton Dickinson) following manufacturer´s instructions. To maximize the chemotactic response of BM-hMSCs, cells were starved in serum free media for 5 hours before setting the assay. Then, 20.000 cells were resuspended in 250 l of fresh serum-free cardiac media and seeded on top of the transwells and next 750 l of conditioned of VEGF-supplemented medium were added to the plate. Finally, the plate was incubated for 24 hours in a tissue-culture incubator and cells that migrated across the transwells were loaded with CMFDA and detected with epi-fluorescence microscopy.
Western blot analysis
Lysates were prepared by incubating cells in TNE x1 with 1mM NaO 3 VO 4 , 5mM NaF, 1mM PMSF and Aproteinine and Laupeptine, on ice for 15 min, cleared by centrifugation at 12.000 rpm in a bench top centrifuge, frozen in dry ice and thawed at 4ºC. Protein concentration was determine by Bradford and 30 g per lane of lysates were resolved in a 10% SDS-PAGE, transferred onto nitrocellulose membranes (Protan  ; Whatman). Membranes were blocked with 3% BSA for 1 hour at RT and then proved overnight at 4ºC with primary antibodies [anti-phospho-Akt Ser473 (Cell Signaling), anti-phospho-Akt Thr308 (Cell signaling), anti-phospho-p38 Tyr182 (Santa Cruz) and anti-p38 (Santa Cruz)] diluted 1:1000 in 3% BSA. Finally, specific bands were detected using HRP-conjugated antibodies (1:10,000 in 5% non-fat powder milk) and the ECL detection system (123 pb). The PCR was performed with a Biometra  termocycler. The product size was confirmed by running 10 l of the sample on a 1% agarose gel electrophoresis.
Statistical analysis
All data are presented as mean  SD. Statistical significance was calculated using a two tailored Student t test for comparison between two groups. A probability value of <0.05 was considered significant.
Results
Characterization of BM-hMSCs.
BM-hMSCs were isolated from bone marrow by centrifugation in a discontinuous density gradient of Ficoll and cultured according to the standard protocol for preparation of BM-hMSCs used for cardiac cell therapy at Hospital Rio Ortega (Valladolid). Bright phase micrographies from cultures in passage P1 show cells with a spindle-shape morphology and a length of approximately 200M ( Figure 1A, B ). This fibroblast-like morphology is consistent with the expected morphology of BM-MSCs and was conserved for more than 7 passages (not shown) but, in agreement with our approved protocol for cardiac cell therapy, only cells from P1 to P4 were used in this study. Cells were further characterized according to criteria recommended by the International Society for Cellular Therapy [25] . As expected, these cells showed adherence to plastic ( Figure 1A, B ).
Alkaline phosphatase (AP) expression was induced ( Figure 1C , D) and calcium deposits ( Figure   1E , F) formed when cells were cultured in osteogenic media for 10-12 days, indicating differentiation to osteoblasts. Cell viability was assayed before and after differentiation and in both cases was higher than 99% ( Figure 1G . H), indicating that cells still do not show signs of senescence at passage P4. Lipidic vacuoles accumulation inside cells after adipogenic protocol indicates that cells had also the capacity of differentiate to adipocytes ( Figure 1I ) and von Willebrand Factor (vWF) staining of cells cultured in cardiac media media shows spontaneous differentiation into the endothelial lineage ( Figure 1J ). Finally, flow cytometry ( Figure 1K ) showed that, as espected, cells expressed the surface antigens CD90, CD105 and CD166 (typically expressed by MSCs), and lack the expression of CD34, CD45, HLA-DR, CD117 and CD133 (expressed by hematopoietic and endothelial precursors).
Although flow cytometry analysis indicates that cultures are a fairly homogeneous population we performed a clonogenic analysis to further ensure the stemness of these cells. With 11 clones obtained out of 228 cells plated at a density of 1 cell per well the cloning efficiency was 4.8%.
The differentiation ability of 6 of these clones was analyzed after passing and culturing them for an additional week. Four of them expressed CD90 when cultured in regular media and retained the ability to differentiate to osteoblasts when cultured in osteogenic media or to endothelial cells when cultured in media supplemented with VEGF, whereas the other 2 remaining clones, although still expressed CD90 and vWF, had lost the ability to differentiated to osteoblast and collapsed before reaching confluence ( Figure 2 ).
Taken together, our results indicate that this is a fairly homogenous population of BM-hMSCs, which has the capacity of self-renewal and the ability to differentiate to various lineages, including the endothelial. However, the collapse of 2 clones and the impossibility of growing indefinitely any of the remaining 4 clones, or the original primary culture, suggests cellular senescence in late passage cultures. Cellular senescence of BM-MSCs after prolonged culture it has been previously reported [5] .
Soluble factors released from NRVCs induce endothelial differentiation of BM-MSCs.
In order to study the bases of the therapeutical benefit seen after cardiac cell therapy with BM-hMSCs we used an in vitro model of MI [26] developed with ventricular cardiomyocytes isolated from neonate rats (NRVCs). As expected, with more than 80% positive cells, NRVCs stained for -Actinin, and adjacent cells showed Connexin43 and N-Cadherin ( Figure 3A ) and beat synchronously (not shown).
When NRVCs were cultured in anoxia, the number of EtHD positive cells, which was used as cell death marker, increased with time after exposure to anoxia. When cells were exposed to anoxia in media containing glucose (4.5 g/l), 6.8% 2.8% of NRVCs stained with EtHD after 24 hours, 31.3% 6.8% after 48 hours and 79% 1.5% after 72 hours. In contrast, when cultured in normoxia, the percentage of EtHD positive cells after 72 hours was only 3.3% 1.8% ( Figure 3B , D-F, J). In addition, levels of glucose in the media and pH decreased after exposure to anoxia but not in cells kept in normoxia ( Figure 3K ). During anoxia cells stop beating, probably because lactate accumulation, and resumed beating when normal O 2 level were restored. In fact, NRVCs stopped beating when cultured in acidified fresh media and resume beating when physiological pH was restored ( Figure 3L ). Interestingly, presence of lactate in the media did not decrease the frequency of contraction, suggesting that media acidification it is the main responsible of the inhibition of contractility. When cultured in glucose free media, the percentage of EtHD positive NRVCs increased much faster after exposure to anoxia, with 1.9% 0.9% of positive cells after 6 hours, 20% 4.8% after 12 hours, and 98.4% 1.7% after 24 hours ( Figure 3C , G-I, J). During normoxia only 0.46% 0.15 of cells stained for EtHD ( Figure 3C ). This results support the idea that, when expose to low O 2 conditions, cardiomyocytes depend completely on glycolysis to obtain their energy and enter in a lethargic state, which may reflect the inert area of the periinfarcted region, that might end with cell death when energy production is not enough to meet the minimal metabolic needs, or resume contractility if O 2 levels recover and aerobic metabolism restores. Logically, a therapeutic benefit involving these cells only can be obtained before cell death is irreversible. Therefore, the remain experiments of this study were performed during the few hours after cell death started to be detected: 36 to 48 hours in media containing glucose and 6 to 12 hours in glucose free media; a period of time we hypothesized relates to the therapeutic window.
As 10 to 20% of cells did not stain for -Actinin, we wanted to be sure that cardiomyocytes were dying during the period of time mentioned above. When live cells were stained with CMFDA, dead cells with EtHD and cardiomyocytes with -Actinin, 36 hours after exposure to anoxia in glucose containing media, we observed that the vast majority of dead cells were cardiomyocytes ( Figure 3M , indicated by arrows), whereas than less than 1% of -Actinin negative cells stained for EtHD. The reduction of the percentage of -Actinin positive cells after exposure to anoxia further confirmed this idea (not shown).
In response to low O 2 levels, cells respond with stabilization and activation of transcription factor HIF1. Once activated, HIF1 translocates to the nucleus where it binds to hypoxia response elements (HRE) and induces transcriptional activity of genes involved in response to hypoxia, including VEGF [27] . Interestingly, VEGF signaling is indispensable for many aspects of vasculogenesis and angiogenesis, including endothelial differentiation and tube formation [28] and it has been shown to promote differentiation of BM-hMSCs into endothelial cells [6] .
Therefore, to check if NRVCs respond to low O 2 by secreting soluble factors, as VEGF, that can promote vascular differentiation of BM-hMSCs, we analyzed VEGF production in NRVCs after exposure to anoxia. Levels of VEGF in culture supernatants increased from 85ng/ml, when cells were cultured in normoxia, to 1013ng/ml after exposure to anoxia for 24 hours ( Figure 4A ). This is a more than 10 fold induction. Furthermore, NRVCs secreted 949ng/ml of VEGF during the 24 hours following exposure to anoxia, indicating that VEGF-expression persists for a long period after being stimulated by exposure to low O 2 levels. Immunofluorescence staining against VEGF further confirmed that VEGF is expressed by NRVCs after exposure to anoxia (Fgure 4B-C). Costaining with vital dye CMFDA demonstrates that fluorescence signal arise from live cells and is not due to autofluorescence of dying cells under anoxic conditions. Next, we checked if conditioned media from NRVCs induces vascular differentiation of BM-hMSCs.
When BM-hMSCs were cultured during 7 days in conditioned media from NRVCs cultured in normoxia or anoxia, the vWF positive area of cell cultures was 4.14 0.31 and 3.28 0.86 mm 2 /well respectively ( Figure 4E-F, H) . In contrast, when BM-hMSCs were cultured for this period of time in fresh cardiac media vWF positive area was only 0.96 0.18 mm 2 /well ( Figure   4D , H). This is a more than 3 fold increase in each case. As expected, VEGF, with a calculated value of 1.95 0.70 mm 2 /well, also increase the vWF positive area ( Figure 4G, H) .
We also analyzed the angiogenic potential of BM-hMSCs by measuring the capacity to form a capillary network when cultured on matrigel. The number of branches formed by undifferentiated BM-hMSCs in presence of conditioned media from NRVCs cultured in anoxia for 24 hours increased 2.69 1.57 times when compared to tubes formed in fresh cardiac media ( Figure 4I , K, M). In this case, conditioned media from NRVCs cultured in normoxia (0.42 0.36 fold increase) did not have an effect ( Figure 4J ). Finally, VEGF, as expected, increased the number of branches 3.05 0.84 fold ( Figure 4L ).
In addition, we analyzed the capacity of BM-hMSCs to migrate across a microporous (3.0 µm pore size) fibronectin coated membrane. Cell migration is an essential during both angiogenesis and vasculogenesis, and it is normally stimulated by VEGF in angioblast and endothelial precursors. We observed that BM-hMSCs spontaneously migrate across the membrane and the number of cell that pass through the porous membrane increased in a dose dependent fashion when VEGF or conditioned media from NRVCs cultured in anoxia was used as chemoattractant ( Figure 4N ).
Finally, we analyzed the expression of mesenchymal markers and endothelial markers in undifferentiated and in VEGF-stimulated to confirm the potential of BM-hMSCs to differentiate into the endothelial lineage. Expression of mesenchymal markers CD90, CD105 was homogeneous in cell cultures and presence of VEGF in media for 7 days did not alter levels of expression of these markers ( Figure 4O ). Expression of early endothelial marker V-CAM was detected at low level in a small percentage of undifferentiated, which probably represents the spontaneous differentiation of these cell mentioned above, and although levels of expression did not change, the percentage of V-CAM expressing cells increased upon VEGF stimulation, confirming that VEGF stimulates the endothelial differentiation of these cells. The potential for endothelial differentiation of individual cells was confirmed by a clonogenic analysis ( Figure 2 ).
On the other hand, expression of late endothelial marker CD31 was not detected nor in undifferentiated neither in VEGF-stimulated cells ( Figure 4O ), suggesting that terminal differentiation is not complete, at least in cell culture.
Next, we study expression of KDR and VEGF signal in BM-hMSCs. In agreement with data published by Oswald et al. we did not detect KDR expression by flow cytometry (not shown).
However, IF staining with anti-KDR antibody showed a weak but specific staining localized in cell membranes ( Figure 5A ). Furthermore, VEGF-treated but not un-stimulated cells stained for VEGF after protein fixation ( Figure 5B-C) , indicating that VEGF binds to BM-MSCs. In addition, KDR mRNA was detected in BM-hMSCs ( Figure 5D ). Finally, we tested the phosphorylation status of Akt and p38. Akt and p38 are downstream elements of VEGF signaling pathway that become activated by phosphorylation in presence of VEGF. As expected, VEGF induced a transient phosphorylation of Akt and p38 that peaked at 30 minutes and returned to basal levels after 1-2 hours ( Figure 5E ). Conditioned media from NRVCs exposed to anoxia also induced a transient phosphorylation of Akt and p38 that was abolished when conditioned media was pretreated with anti-VEGF antibodies ( Figure 5E ). Taken together, these results indicate that KDR is being expressed, probably a low levels, in BM-hMSCs and that VEGF signaling pathway is activated by soluble VEGF present in conditioned media from NRVCs cultured in anoxia.
Several authors have proposed that BM-MSCs secrete soluble factors that facilitate endogenous repair processes. In agreement with previous reports [29] , VEGF expression also was detected in BM-hMSCs and it suffered a twofold increase when cells were exposed to anoxia ( Figure 5F ). This VEGF not only may act enhancing local angiogenesis but also promoting differentiation of BM-hMSCs in an autocrine way. In fact, when VEGF was removed from conditioned media obtained from NRVCs cultured in anoxia ( Figure 5G ), the capacity of BM-hMSCs to form tubes on matrigel was completely abolished ( Figure 5H -J), indicating that VEGF is the soluble factor responsible of promoting angiogenesis. Taken together, these results show that soluble factors released by NRVCs promote vascular differentiation of BM-hMSCs. They also confirm that VEGF, which is released by NRVCs when exposed to low O 2 levels, is sufficient to trigger this process, suggesting that it may be the key factor in this process.
Different studies show that BM-hMSCs protect bona fide cardiomyocytes from cell death [15] and that they can differentiate into the cardiac lineage [30] ; being both processes dependent on VEGF signaling. Although, we tested if co-culture with BM-MSCs, with conditioned media from BM-hMSCs exposed to anoxia, or with VEGF protects cardiomyocytes by analyzing the number of Annexin V+ cells after exposure to anoxia, we did not find any evidence of protection. The 31.4
0.82% of annexin V+ NRVCs after exposure to anoxia for 6 hours did not diminished when NRVCs were co-cultures with BM-hMSCs (41.7 1.46%), cultured with conditioned media from BM-hMSCs (35.4%) or stimulated with VEGF (41.2%) (Supplemental figure 1A-B ). Interestingly, BM-hMSCs, with only 7.51 0.46% of annexinV+ cells within the CD90+ population, appeared to be more resistant to anoxia that NRVCs. Similar results were obtained when NRVCs were cultured in glucose containing media for 33 hours (not shown). In addition, when we analyzed by RT-PCR the expression of human MHC, or by IF the expression of -Actinin, in co-cultures of BM-hMSCs and NRVCs, we did not find any sign of cardiac differentiation in BM-hMSC after one week of coculture (Supplemental Figure 1C -E).
Discussion
Several clinical trials indicate that cardiac cell therapy with BM-hMSCs after MI improves cardiac function. These studies report increase in ejection fraction and contractibility, increase in end systolic and diastolic volumes and improvement in the New York Heart Association Class [8, 10, 12, 31] . Although, most authors report a therapeutical benefit this vary enormously among the different studies. This huge variability may reflect differences in number of cells administrated, time between MI and cell therapy, system and site of administration (peripheral or intracoronary infusion, intramyocardial transepicardial or transendocardial injection), criteria for patient selection, repetition of treatment, existence of cardiac surgery at the time of administration, etc.
Clinical trials for cardiac cell therapy are expensive and it takes a long time to obtain reliable data because in most cases differences observed are small and obtaining statistical differences between placebo and treatment requires a large population (which is difficult to obtain when working with human subjects) and, as mentioned above, many parameters need to be considered. Although, at least in part, some of these problems might be overcome with studies in animals, the difference in cardiac physiology between humans and rodents do not guarantee that results can be extrapolated. Therefore, a rational design of clinical trials based on the knowledge of BM-hMSCs effects in the heart is needed if we want to improve the therapeutical efficacy of BM-hMSCs in cardiac cell therapy. A better understanding of how the benefit observed in previous studies is obtained would allow to specifically re-design cellular therapies with BM-hMSCs to improve the outcome in the future.
Different mechanisms have been proposed to explain the capacity of BM-hMSCs to facilitate myocardial repair (review by Psaltis et al. [14] ) including: differentiation or transdifferentiation to the cardiac lineage [4, 32] , protection of cardiomyocytes against ischemia [4, 15] , remodeling of scar tissue [20] , activation of the regenerative capacity of resident stem cells [16] , modulation of the imflamatory response associated with MI [17, 18] , and endothelial differentiation and revascularization of injured area [20] [21] [22] .
In this study we used in an in vitro model of MI that uses cardiomyocytes isolated from neonates rats exposed to an anoxic environment to mimic ischemia (Figure 3 ). If cells are cultured in glucose free media, the model mimics myocardial ischemia after coronary occlusion when cells are completely deprived of oxygen and die because necrosis in a few hours, but if cultured in glucose containing media cell death takes longer because anaerobic metabolism maintains cell alive in a lethargic/non-contractile state, which probably reflects the situation at the peri-infarcted area. This non-contractile state, which is induced after anoxia-mediated acidification, is reversible if normal culture conditions are restored before the onset of cell death. Therefore, this is a versatile system where is straight forward to test different hypothesis and it is also possible to study the underlying molecular mechanisms.
First, we tested the vasculogenic potential of the BM-hMSCs used in clinical trials for cardiac cell therapy at Hospital Rio Hortega, Valladolid (San-Román et al., manuscript in preparation). These cells, in agreement with the recommendations issued by the International Society for Cellular Therapy [25] expressed CD90, CD105, CD166 but lack the expression of CD34, CD45, HLA-DR, CD117 and CD133, and differentiated to osteoblast when cultured in osteogenic media and to adipoblast when cultured in adipogenic media (Figure 1 ). In addition, these cells spontaneously differentiated to endothelial cells suggesting that they posses a vasculogenic potential. Several authors have raised the possibility that different subpopulations might account for the multipotency of BM-hMSCs, but the cytometry and clonogenic analysis (Figure 2) indicate that BM-hMSCs used in this study are a fairly homogeneous population of cells that have the potential to differentiate in the three lineages mentioned above.
Previously, Oswald et al. and Al Khaldi et al. [6] described that BM-hMSCs can be differentiated into endothelial cells after treatment with recombinant VEGF [6] , a cytokine that plays a fundamental role during formation of new blood vessels and that usually is expressed in response to low O 2 levels [33] . Interestingly, VEGF was detected at low levels in conditioned media from NRVCs and expression increased more than 10 times when cells were exposed to anoxia ( Figure   4A -C). Our data, also confirms that VEGF stimulates the endothelial differentiation of BM-hMSCs (measured as vWF expression) and shows that conditioned media from cardiomyocytes cultured in normoxia or in anoxia also enhances this capacity ( Figure 4D-H) . Tube formation after culture in matrigel (a measure of the vasculogenic potential of BM-hMSCs) and cell migration across a microporous membrane (cell migration is essential during capillary network development) were also increased by VEGF or conditioned media from NRVCs cultured in anoxia, (Fifure 4I-M, N). Furthermore, VEGF receptor KDR is expressed by BM-hMSCs and downstream mediators of VEGF signaling Akt and p38 are activated after incubation with conditioned media from NRVCs exposed to anoxia. Although, we cannot exclude that other factors may be secreted by NRVCs, we hypothesized that the release of VEGF by NRVCs promotes the vascular differentiation of BM-hMSCs, which, in the context of myocardial infarction, may help to re-vascularize the periinfarcted region and swing the balance towards recovery of this area by reducing ischemia and thus increasing local contractibility. In fact, when VEGF was blocked in culture supernatants by an antibody anti-VEGF ( Figure 5G -J) the capacity of BM-hMSCs to form tubes on matrigel reverted to basal level, indicating that VEGF mediates the pro-angiogenic capacity present in supernatants from NRVCs. In addition, we detected KDR expression and VEGF binding in BM-hMSCs ( Figure 5A-D) and VEGF signaling (phosphorylation of Akt and p38) was activated after stimulation with conditioned media from NRVCs cultured in anoxia ( Figure 5E) .
The low levels of VEGF present in the media during the 7 days that take place the differentiation process may explain the expression of vWF in BM-hMSCs cultured in media from normoxic cardiomyocytes. Surprisingly, expression of late endothelial marker CD31 was not detected suggesting that endothelial differentiation of BM-hMSCs was not complete and suggesting that signals different from VEGF are involved in the maduration.
During the few following days after a heart attack, surrounding the zone of infarction where cells are necrotic, there is an area of weakly or no contracting cells that suffer from mild to moderate ischemia called peri-infarcted area where VEGF expression has been detected (local production of lactate and acidification that occurs during ischemia probably inhibits contractibility in this area [34] ). With time, cells within this area die because extended ischemia (during this period rest is recommended because any extra work load in the heart may aggravate the ischemia in this area and accelerate the cell death) or recover contractibility after enlargement of collateral blood vessels and restoration of blood supply, probably stimulated by this VEGF. Finally, necrotic tissue is replaced with scar tissue and the remaining heart tries to compensate for missing musculature, which in case of large scar areas leads to cardiac hypertrophy and congestive heart failure.
Therefore, delivery of BM-hMSCs during the recovery period, specially in the ischemic periinfarcted zone where VEGF is being expressed, may contribute to formation of new capillaries thank to the capacity of these cells to differentiate into the endothelial lineage when stimulated by VEGF. In addition, BM-hMSCs also secrete VEGF in response to anoxia ( Figure 5F ), which it may act on local vasculature and enhance local angiogenesis.
This would help to reduce the ischemia in the area and therefore would prevent death in this numb tissue, thus reducing the final size of the necrosis. The high resistance to anoxia of BM-hMSCs (Supplemental Figure 1) probably reflects the capacity of these cells to function in ischemic zones.
Consistent with this, in animal models using rodents (both rats and mice), capillary density and myocardial blood flow increased in the infarcted zone, but not in healthy myocardium after intraventricular injection of BM-MSCs, and correlated with an overall improvement in cardiac function. In addition transplanted cells have been identified within new capillaries [29, 35] .
Furthermore, similar results have been obtained using CD34+ endothelial progenitor instead of mesenchymal cells [22] confirming a neat benefit from revascularization during cardiac cell therapy. Also, non-cell-based therapeutic angiogenic treatments such as protein-based or gene therapies show promising results [36] .
This suggest that in general the benefit of cellular therapies would be higher if cells are delivered directly in the ischemic area needed of revascularization (where circulation is poor) than if cells are delivered through the circulatory system (from where the access to the ischemic area it is more limited). In fact, a comparison between the efficacy of transendocardial injection trough a Biosense NOGA and intracoronary infusion of BM-MSCs in a canine model shows that transendorcardial injection it is by far better: The increase in ejection fraction and in vascularity, and the decrease in myocardial ischemia and end systolic and diastolic volumes are higher with the NOGA system [13] . Consistent with this, a study performed by Villa y co-investigators [37] shows that patients with persistent microvascular obstruction (PMO) fail to show signs of improvement after intracoronary delivery. On the other hand, patients without PMO (in whom cells can get close to the capillary trough coronary delivery) respond as expected.
We also tested the capacity of BM-hMSCs to protect cardiomyocytes against cell death, but we did not find any sign of protection when cardiomyocytes were exposed to anoxia either in glucose free media or in glucose containing media. This contrast from previous studies [15, 29] that have shown that co-culture with BM-hMSCs protects cardiomyocytes against ischemia through Akt activation by VEGF. These differences may be explained by different timing or by exposure to a milder ischemia (1% O 2 in Dai´s work vs. <0.7% O 2 in this study as indicated in the technical specifications of BD GasPak pouches). In addition, we found that BM-hMSCs are more resistant to anoxia than NRVCs (Supplemental Figure 1A-B ), which may explain, at least in part, previously published data where BM-hMSCs are not identified before determining cell death in co-cultures.
However, VEGF expression in ischemic myocardium may serve during physiologic ischemia (as produced during exercise) as a short-term protection while at the same time promotes new vessel formation in the area. In fact, it is well known that periodical exercise increased maximum O 2 consumption and increases capillary proliferation in the heart [38] and exercise has proved to be beneficial during rehabilitation of patients with coronary heart diseases [39] .
Finally, BM-MSCs have the capacity to differentiate in cardiomyocytes [4] and it has been proposed that differentiation of BM-hMSCs into the cardiac lineage may contribute to regenerate the heart muscle after an MI. When we analyzed the expression cardiac MHC in co-cultures of BM-hMSCs and NRVCs by RT-PCR we did not detect the expression of human MHC and only MHC of rat origin was detected after 1 week (Supplemental Figure 1C-D) . In addition, when BM-hMSCs were loaded with the cell tracker CMTPX and co-cultured with NRVCs, we did not find expression of MHC in cells carrying the tracker (Supplemental Figure 1E ). Although cellular differentiation it is a slow process and we cannot exclude that differentiation of BM-hMSCs in cardiomyocytes may take longer, these results are in agreement with the modest evidence for cardiac differentiation observed in cardiac cell therapy with BM-hMSCs to date. figure 1: A-B ) NRVCs were exposed for 6 hours to anoxia in glucose free media, in co-culture with BM-hMSCs (ratio 10:1), in presence of conditioned media from BM-MSCs culture for 24 hours in anoxia, and in presence of VEGF (100 ng/ml), as indicated. AnnexinV+ cells were identified by flow cytometry and the percentage of positive cells for each condition calculated. C) NRVCs were co-culture with BM-hMSCs (ratio 10:1) and expose to anoxia or kept in normoxia for 24 hours. Then, cultured for additional 6 days and rat MHC, human MHC, and total GADPH expression were determined by RT-PCR. D) Aligned sequences of human and rat MHC mRNA and primers used for amplification. E) BM-hMSCs were loaded with CMTPX and then co-cultured with NRVCs for 5 days. Next, cells were fixed with 4% PFA and stained with anti -actinin monoclonal antibody (red). 
